NASA /TM—2002-212016

‘L|‘:4> YA

%

Electrical Characterization of Polyaniline/
Polyethylene Oxide Nanofibers for
Field Effect Transistors

Carl H. Mueller
Analex Corporation, Brook Park, Ohio

Noulie Theofylaktos
Glenn Research Center, Cleveland, Ohio

Nicholas J. Pinto
University of Puerto Rico, Humacao, Puerto Rico

Daryl C. Robinson and Félix A. Miranda
Glenn Research Center, Cleveland, Ohio

December 2002



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA'’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

e CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following;:

e Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

e Fax your question to the NASA Access
Help Desk at 301-621-0134

e Telephone the NASA Access Help Desk at
301-621-0390

e Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA /TM—2002-212016

Electrical Characterization of Polyaniline/
Polyethylene Oxide Nanofibers for
Field Effect Transistors

Carl H. Mueller
Analex Corporation, Brook Park, Ohio

Noulie Theofylaktos
Glenn Research Center, Cleveland, Ohio

Nicholas J. Pinto
University of Puerto Rico, Humacao, Puerto Rico

Daryl C. Robinson and Félix A. Miranda
Glenn Research Center, Cleveland, Ohio

Prepared for the

2003 Nanotechnology Conference and Trade Show
sponsored by the Nanoscience & Technology Institute
San Francisco, California, February 23-27, 2003

National Aeronautics and
Space Administration

Glenn Research Center

December 2002



Acknowledgments

We are grateful to Nicolas Varaljay, NASA GRC, for thermally growing the oxide layer on the silicon wafers,
fabricating the metallization pattern that was used to characterize the electrical properties of the nanofibers, and for
performing scanning electron microscopy analysis of the nanofibers. Nicholas J. Pinto acknowledges NASA’s

NASA Center for Aerospace Information

7121 Standard Drive
Hanover, MD 21076

support under NASA Grant NCC3-963.

Trade names or manufacturers’ names are used in this report for
identification only. This usage does not constitute an official
endorsement, either expressed or implied, by the National
Aeronautics and Space Administration.

Available from

Available electronically at http://gltrs.grc.nasa.gov

National Technical Information Service

5285 Port Royal Road
Springfield, VA 22100


http://gltrs.grc.nasa.gov

Electrical Characterization of Polyaniline/Polyethylene
Oxide Nanofibers for Field Effect Transistors

Carl H. Mueller
Analex Corporation
Brook Park, Ohio 44142
Carl.Mueller@grc.nasa.gov

Noulie Theofylaktos
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135
Noulie@grc.nasa.gov

Nicholas J. Pinto
University of Puerto Rico
Humacao, Puerto Rico 00791
nj_pinto@cuhac.upr.clu.edu

Daryl C. Robinson and Félix A. Miranda
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135
Daryl.C.Robinson@grc.nasa.gov
Felix.A.Miranda@grc.nasa.gov

ABSTRACT

Nanofibers comprised of polyaniline/polyethylene oxide
(PANI/PEO) are being developed for novel logic devices.
We report the electrical conductivity of PANI/PEO
nanofibers with diameters in the 100 to 200 nm range. We
measured conductivity values of ~ 0.3 to 1.0 S/cm, which is
higher than the values reported for thicker nanofibers, but
less than the bulk value of PANI.  The electrical
measurements were performed by depositing the fibers on
pre-electroded, oxidized silicon (Si) substrates.  The
excellent adherence of the nanofibers to the SiO, as well as
the gold (Au) electrodes may be useful in the design of
future devices.

1 INTRODUCTION

Novel transistors and logic devices based on
nanotechnology concepts are under intense development.
The potential for ultra-low power, high-density circuitry is
attractive for applications such as digital electronics and
sensors. For NASA applications, nanotechnology offers
tremendous opportunities for increased on-board data
processing and thus autonomous decision-making ability,
and novel sensors that detect and respond to environmental
stimulus with little oversight requirements. To date, much
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of the research in nanoscale electronics has focused on
carbon nanotubes, and great progress has been shown. This
progress is demonstrated by logic devices that utilize both
p- and n-type field effect transistors (FET) in a single
integrated circuit [1, 2]. Furthermore, the robustness and
sensitivity of carbon nanotube FETs in aqueous
environments make them highly attractive for biosensing
applications [3].

The early successes of carbon nanotube FETs make us
optimistic  that electronic devices with different
functionalities can be achieved using different materials. In
this study we report on our initial studies of nanofibers
comprised of polyaniline (PANI) and polyethylene oxide
(PEO). PANI is an interesting material because its
electrical properties are in a range that is attractive for
semiconductor devices, it is highly stable, and is sensitive
to optical and electrochemical processes [4]. Furthermore,
it can be processed into very long fibers using a simple
electrospinning process. In this work, the objective is to
develop semiconducting PANI/PEO nanofibers, where the
current level is controlled by a gate voltage.
Accomplishment of these goals would be a basis for the
future development of self-assembled, nano-sized logic
devices, and create a foundation for ultra-efficient
memories and processors.



Because of the rapidly evolving nature of this field,
verification of the feasibility of our proposed technology
could be expedited by using a simple, low cost, and reliable
deposition  technique, such as electrospinning.
Electrospinning is well-known, but not widely used
technique for fabricating nanofibers. However, with the
recent surge of interest in nanotechnology, new interest in
electrospinning has attracted attention because it is capable
of producing nanofibers that are very useful for emerging
nanotechnology applications. To date, much of the interest
in electrospinning is centered on the mechanical properties
of nanofibers that are produced using this method; it is a
low-cost means of creating fibers with diameters in the 40
to 2000 nm range, and lengths up to 1 km [5]. Electrospun
nanofibers are promising for the structural elements of
nanoscale machines, such as wires, ropes, and fabrics. In
addition, these nanofibers may provide connections
between the nanoscale world and macroscale world, since
the diameters are in the nanometer range and the lengths are
much larger.

The electrical conductivity of PANI can be varied from
10" S/em to 6000 S/cm, depending on how it’s processed
[6, 7]. For our applications, we are interested in stabilizing
the emeraldine salt form, which is semiconducting and has
a bulk conductivity of ~10 S/cm in air. Prior work has
demonstrated that nanofibers comprised of doped
polyaniline and polyethylene oxide, with diameters in the
450 to 2000 nm range, have conductivities of
approximately 0.1 S/cm [8, 9]. Understanding the reasons
for the difference between the bulk and fiber conductivities
is important if we are to develop charge control devices
based on these materials. In this study, we report electrical
conductivity measurements of PANI/PEO nanofibers with
diameters of 100 to 200 nm. We also demonstrate that
nanofibers deposited directly onto gold (Au) electrodes
display ohmic behavior, which may be useful for the future
development of self-assembled structures.

2 EXPERIMENTAL

The nanofibers were fabricated using an electrospinning
technique, similar to that reported earlier [5, 6]. In this
technique, a mixture of polymer solutions is placed inside a
hypodermic syringe or in a glass pipette. Inside the syringe
is a metal cathode. The anode, upon which the nanofibers
are to be deposited, is typically located 25 to 30 cm away
from the cathode. When a sufficiently high voltage is
applied so as to overcome the surface tension forces of the
polymer droplet, a jet is formed and the charged polymer
molecules are accelerated to the target substrate, where they
form nanofibers. The electrospinning apparatus used in
these experiments is schematically illustrated in figure 1.
PANI-based nanofibers are of interest because it may be
possible to manipulate their electrical conductivities over a
wide range of values by varying the sloping levels and
conformations of the polymer chain.
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Figure 1. Basic electrospinning apparatus used to
prepare PANI/PEO nanofibers.

Although PEO is an insulator, it acts as a plasticizer and is
needed in order to form viscous polymer droplets and thus
is an important ingredient in the formation of the
nanofibers.

In this set of experiments, the electrically conductive
portion of the nanofibers was formed by combining 100 mg
of PANI with 129 mg of camphosulfonic acid, and
dissolving in 10 ml of chloroform (CHCI;) for 6 to 8 hours.
The resulting deep green solution was filtered and 10 mg of
polyethylene oxide (PEO), with a molecular weight of
900,000, was added to the solution and stirred for an
additional two hours. Prior to electrospinning, this solution
was filtered using a 0.45 pum PTFE filter to give a
homogenous solution. Approximately 1 ml of the solution
was placed in a B-D® 1 mI26”® hypodermic syringe that
was mounted a few degrees below horizontal, and the metal
tip of the needle connected to 8 kV. The fibers were
collected on an oxidized Si substrate, with Ti (20 nm)/Au
(400 nm) electrodes already deposited. The oxide was
thermally grown, and was 300 nm thick. The electrodes
were spaced 2 to 10 microns apart, and the width of the Au
electrodes was 20 um. The distance between the tip of the
hypodermic needle and Si substrate was 30 cm. Our goal
was to maximize the doped PANI content, and thus the
conductivity of the fiber, while minimizing the fiber
diameter. We calculate polyethylene oxide comprised about
9 weight percent of the composite fiber.

Electrical resistance measurements were made using a
Keithley model 6430 Sub-Femtoamp Remote Source
Meter. Low current measurements were taken using a two-
contact configuration. So as to minimize measurement
errors due to the high resistance values (> 1 GQ) of the
nanofibers, measurements were taken in the source
voltage/measure current configurations, wherein a series of
positive and negative voltages is applied to the sample, and
current is measured [10]. The test apparatus used to
characterize the electrical behavior of the nanofibers is
schematically illustrated in figure 2, and a photograph of
the instrumentation is shown in figure 3. To further
minimize the possibility of extraneous noise influencing the
measurement, the samples were enclosed in a Faraday cage.
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Figure 2. Schematic diagram of test apparatus
used to characterize electrical properties of
nanwires.

Figure 3. Photograph of test apparatus used to
measure electrical properties of PANI/PEO
nanofibers. During measurements, the entire
apparatus is enclosed by a Faraday cage so as to
minimize noise.

For this set of experiments, a series of five positive and
negative voltages cycles was applied to the nanofibers for
each voltage, with each voltage being held for one minute.
At the end of one minute, the current was measured. To
calculate the current for each bias point, the average of five
measurements was calculated.

3 RESULTS AND DISCUSSION

The PANI/PEO nanofibers analyzed in this study
displayed properties which could be important for future
logic and active devices. Nanofibers with diameters of
approximately 100 nm, and lengths that routinely exceeded
300 um were demonstrated. A low magnification scanning
electron (SEM) image of one of the nanofibers is shown in
figure 4. This figure demonstrates that long, high quality,
and isolated nanofibers were obtained. Furthermore, the
nanofiber adhered well to both the gold pads and oxidized
Si surface. This could have significance for the future
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Figure 4. Low-magnification scanning electron micrograph
of polyaniline/polyethylene oxide nanofiber deposited across
Ti/Au electrodes, on an oxidized Si substrate. Two-terminal
resistance measurements were made across adjacent
electrodes.

Figure 5. Scanning electron micrograph of PANI/PEO
nanofiber. The fiber is approximately 100 nm in diameter,
makes electrical contact to two gold electrodes, and
extends across a 10 micron wide, 300 nm thick SiO, layer.
The gold electrodes are 400 nm thick.

development of self-assembled devices, wherein the
nanofibers will be expected to attach themselves to selected
sites using via surface modification or some type of
electrical bias induced assembly process.

A more highly magnified image of a nanofiber is shown
in figure 5. With respect to potential devices, the fact that
the nanofiber is securely attached to the SiO, layer as well
as the Au electrodes is significant because it opens the
possibility for self-assembled devices. We believe that the
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Figure 6. Current versus voltage behavior of
PANI/PEO nanofiber. The diameter of the fiber was
approximately 100 nm, as measured by Atomic Force
Microscopy. The electrode spacing was 10 pum.

excellent adherence is largely due to the low surface energy
of polyaniline (70 mN/m) relative to that of SiO, or Au
(300 and 1200 mN/m, respectively), thus making it
energetically favorable for the nanofiber to adhere to the
surface[11]. However, it is also likely that the nanofibers
are highly charged as they impinge on the surface, which
may also contribute to the tenacity of the
nanofiber/substrate bond.

Electrical current versus applied voltage for a 100 nm
diameter nanofiber is shown in figure 6. This data shows
ohmic resistance behavior, indicating the contact resistance
at the Au/nanofiber interface is negligible compared to the
nanofiber resistance. The calculated conductivity of this
fiber was approximately 1 S/cm, which is somewhat higher
than values previously reported for thicker (450 nm)
diameter fibers. The observed conductivity value is in a
range where most materials are semiconducting, which
opens the possibility that the current will be controllable via
a gating mechanism, and three-terminal logic devices will
be forthcoming.

4 CONCLUSIONS

We report the electrical conductivity of PANI/PEO
nanofibers with diameters in the 100 to 200 nm range. We
measured conductivity values of ~0.3 to 1.0 S/cm, which is
higher than the values reported for thicker nanofibers, but
less than the bulk value of PANI. The electrical
measurements were performed by depositing the fibers on
pre-electroded, oxidized Si substrates. The excellent
adherence of the nanofibers to the SiO, as well as Au
electrodes may be useful in the design of future devices.
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